There are inherent uncertainties and errors associated with using Computational Fluid Dynamics (CFD) to predict the flow field and there is no standard method for evaluating uncertainty in the CFD community. This paper describes an approach to validate the uncertainty in using CFD. The method will use the state of the art uncertainty analysis applied to the ke-realizable turbulence model to predict the velocity uncertainty of a backward facing step. 
uncertainty in using CFD. The method will use the state of the art uncertainty analysis applied to the ke-realizable turbulence model to predict the velocity uncertainty of a backward facing step. turbulence models using the Comprehensive Approach to Verification and Validation of CFD Simulations 6 . This paper provides a detailed uncertainty analysis of the ke-realizable turbulence model for the backward facing step.
The structure of the paper is as follows . In section 2, the literature review is summarized for CFD uncertainty analysis. Section 3 presents the grid refinement study. Section 4 presents the numerical results of the backward facing step. Section 5 is the discussion. Section 6 is the conclusion.
II. Literature Review
A literature review was performed to determine the "State of the Art" method for calculating CFD uncertainties.
CFD is extensively used in industry, government, and academia to design, investigate, operate, and improve understanding of fluid physics 3. The rate of growth in using CFD as a research and engineering tool will be directly proportional to the level of credibility that the simulation can produce 3 In 1998, the AIAA has published a "Guide for the Verification and Validation of Computational Fluid Dynamics
Simulations" J This document provides guidelines for assessing credibility via verification and validation J The document does not recommend standards due to issues not yet resolved, but defines several terms 3. "Uncertainty is defined as a potential deficiency in any phase or activity of the modeling process that is due to lack of knowledge J" "Error is defined as a recognizable deficiency in any phase or activity of modeling and simulation that is not due to lack of knowledge 3." "Prediction is defined as the use of a CFD model to foretell the state of a physical system under conditions for which the CFD model has not been validated 3." Uncertainty and error are normally linked to accuracy in modeling and simulation 3 . The guide defines four predominate error sources: insufficient spatial discretization convergence, insufficient temporal discretization convergence, lack of iterative convergence, and computer programming, but does not make claims about the accuracy of predictions 3 The guide emphasizes that systematically refining the grid size and time step is the most important activity in verification 3. Once the grid has been refined such that the discretization error is in the asymptotic region, Richardson' s extrapolation can be used to estimate zero-grid spacing 3 A sensitivity analysis and uncertainty analysis are two methods for determining the uncertainty in CFD 3 The validation test compares a CFD solution to experimental data 3. The guide has outlined the terms and an overall structure to performing validation, but does not offer a quantitative method. Verification and Validation of CFD Simulations" in an attempt to provide a comprehensive framework for overall procedures and methodology 6 Two papers were published on the subject in Parts I 6 and Parts II 10 and used the methodology documented in IllIR Report 407. Numerical errors and uncertainties in CFD can be estimated using iterative and parameter convergence studies 6 The method uses three convergence conditions as possible in estimating uncertainties; (1) monotonic convergence which uses Richardson ' s extrapolation, (2) oscillatory convergence which uses the upper and lower bounds to estimate uncertainty, (3) divergence in which errors and uncertainties cannot be estimated 6 . The literature provides an approach for estimating errors and uncertainties in CFD simulations for each of the three cases 9, 6, 10. The approach uses Richardson ' s extrapolation, which is not new, however; the method has been extended to use input parameters and correction factors to estimate errors and uncertainties 9, 6, 10. The method examines two sources for error and uncertainty : modeling and simulation.
Examples of modeling errors include geometry, mathematical equations, boundary conditions, turbulence models, etc. IVII . Examples of numerical errors include discretization, artificial dissipations, incomplete iterative and grid convergence, lack of conservation of mass, momentum, energy, internal and external boundary non-continuity, computer round-off etc. 4 . The method lacks correlations among errors and assumes these are negligible, which may be inappropriate for some circumstances 6. Additionally, the method provides a quantitative approach for determining the iterative convergence uncertainty 6 Iterative Convergence must be evaluated and is typically done by monitoring the residuals order of magnitude drop graphically 6 For oscillatory convergence, the deviation of a residual from the mean provides estimates of the iterative convergence 6 This is based on the range of the maximum Su and minimum SL values 6. For convergent iterative convergence, a curve-fit is used 6 For a mixed convergent/oscillatory, iterative convergence is estimated using the amplitude and the maximum and minimum Summary of Literature Review: A thorough literature review has been performed to determine the best method to evaluate the uncertainty in CFD predictions. Both major journals in mechanical and aerospace engineering, AIAA and ASME, have published articles on this subject. The ASME method has been adopted by many researchers and provides a detailed approach to calculate uncertainty in CFD from different levels of grid refinement. The method published by the ASME Journal of Fluids Engineering is the state of the art for determining the uncertainty in CFD predictions and will be used for the proposed research problem.
III. Grid Refinement Study
Convergence studies require a minimum of three solutions to evaluate convergence with respect to an input parameter 2. Consider the situation for 3 solutions corresponding to fine SkI> medium Sk2, and coarse SkJ values for the kth input parameter 2 Solution changes £ for medium-fine and coarse-medium solutions and their ratio ~ are defined by 2:
(1)
Three convergence conditions are possible 2 :
The quantity of interest for the backward facing setup is velocity magnitude. Three grids were compared, and the convergence conditions were determined for every point in the computational domain. This is accomplished through interpolation between the medium to coarse grid and the fine to coarse grid. The velocity magnitude from the medium and fine grids are interpolated on to the coarse grid. Then the solutions changes, £21, £32, Rk, and convergence conditions are calculated for every point in the domain. Figure 1 shows the different convergence conditions inside the computational domain for the grid refinement study.
Uniform Velocity Inlet U= 10mls 
A list of variables for the k-e-realizable turbulence model analyzed is listed in Table 1 . Expanding the data reduction equation for the listed variables as shown in equation (5) in order from top to bottom. The ke-realiable, kwSST, and SpalartAllmaras turbulence models converged using OpenFoam and the uncertainty was calculated as an oscillatory input parameter as shown in Figure 9 . 
(4)
Step 2 is to select three significantly (r> 1.3) grid sizes and computer the ratio as shown in equation 5.
(5)
Step 3 is to calculate the observed order, p, as shown in equation 6. This equation must be solved iteratively.
(6)
Step 4 is to calculate the extrapolated values as shown in equation 7.
(7)
Step 5 is to calculate the fine grid convergence index and numerical uncertainty as shown in equation 8. This approached used a factor of safety of 1.25 and assumed that the di stribution is Gaussian about the fine grid, 90 % confidence.
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Figure 12: Velocity Prediction and Uncertainty Plot for ke-realizable Turbulence Model
The highest uncertainty is +1-4.85 m/s. This occurs in the region shown in Figure 13 in red. Figure 13 is the same data presented on the right hand side of Figure 12 , except zoomed in to the region near the backward step and a smaller scale is used. During several preliminary cases of the grid convergence study, one case provided an excellent example of domain sizing. A CFD analyst is always troubled with trying to keep the domain size large enough to not affect the solution. Using the oscillatory method, one can see the solution differences between the three grids. In the case presented below, the domain size is too small. This is evident by calculating the uncertainty using an oscillatory convergence method as shown in Figure 14 .
Figure 14: Example of (3) Grids with a Domain not large enough for the calculation
The uncertainty is high near the boundary condjtions; thjs shows the domrun js not sjzed appropriately.
It is computationaJly time consuming to run all of the different input parameters. It is suggested that the community compile a list of input parameters for each of the turbulence models and estimated uncertainty values for each of the parameters. The code used for this study was OpenFOAM and Table 2 of the Appendix is a list of all the input parameters for a ke-realizable case. Table 2 includes the input parameters and estimated uncertainties for the backward facing step. All values presented are in the fonn of a percent of the localized velocity.
VI. Conclusion
This paper outlines an uncertainty analysis for the ke realizable turbulence model for a backward facing step.
The velocity magnjtude was predicted using CFD. The uncertrunty parameters listed in Tablel were analyzed using an oscillatory convergence calculation or a monotoruc convergence calculation. Plots of the velocity magnjtude can be combined with a corresponding uncertainty plot for an accurate velocity prediction.
There are other variables that would influence the uncertrunty calculation. Examples of these other parameters include solution schemes, other turbulence models, and time accurate solutions. Future work will include analyzing each ofthese items.
It is suggested that the CFD commuruty begin to compile a list of the many variables associated with each uncertainty calculation for different problems and output variables. IdeaJly, an analyst could assemble a table of all uncertainty variables and estimate a number based on historical data rather than runrung separate CFD cases for each variable. The procedure above has been scripted and future work will include other geometries and turbulence models . 
Summary of Method
• Convergence studies require a minimum of three solutions to evaluate convergence with respect to an input parameter.
Consider the situation for 3 solutions corresponding to fine SklJ medium S~21 and coarse Sk3 values for the kth input parameter.
Solution changes E for medium-fine and coarse-medium solutions and their ratio Rk are defined by:
• Three convergence conditions are possible: • During several preliminary cases of the grid convergence study, one case provided an excellent example of domain sizing.
-A CFD analyst is always troubled with trying to keep the domain size large enough to not affect the solution.
• Using the oscillatory method, one can see the solution differences between the three grids. In the case presented below, the domain size is too small. • This paper outlines an uncertainty analysis for the ke realizable turbulence model for a backward facing step.
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• The velocity magnitude was predicted using CFD.
• The uncertainty parameters listed in Tablel were analyzed using an oscillatory convergence calculation or a monotonic convergence calculation. • Plots of the velocity magnitude can be combin'ed with a corresponding uncertainty plot for an accurate velocity pred iction.
• There are other variables that would influence the uncertainty calculation. Examples of these other parameters include solution schemes, other turbulence models, and time accurate solutions. Future work will include analyzing each of these items. 
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